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SUMMARY 

The f i rs t  of two scheduled Project  Fire  f l i g h t s  has been successful ly  flown 
t o  obtain measurements of reent ry  heating on a large-scale  blunt  body a t  hyper- 
b o l i c  ve loc i ty .  The F i r e  1 spacecraf t  w a s  boosted by an A t l a s  D launch vehicle  
i n t o  a b a l l i s t i c  t r a j e c t o r y  along t h e  Eastern Test Range. 
nated with impact of t h e  payload near Ascension Is land.  P r i o r  t o  reent ry  i n t o  
t h e  sens ib le  atmosphere, t h e  reentry vehicle w a s  accelerated t o  a ve loc i ty  of 
37 970 f p s  a t  a f l igh t -pa th  angle of -14.50 by a sol id-propel lant  rocket motor 
which formed p a r t  of t h e  F i r e  spacecraf t .  This report  p resents  t h e  r e s u l t s  of 
heat ing and pressure experiments on t h e  reentry-vehicle afterbody. I n  general ,  
t h e  pressures  and t o t a l  heating rates measured on t h e  vehicle  afterbody compared 

The f l i g h t  termi- 

ab ly  with ava i lab le  wind-tunnel da ta  and t h e o r e t i c a l  

INTRODUCTION 

The rap id  advancement of manned space explorat ion has accelerated t h e  need 
f o r  d e f i n i t i o n  of the  reent ry  heat ing environment a t  v e l o c i t i e s  exceeding the  
e a r t h ' s  escape ve loc i ty .  These conditions would be representa t ive  of t h e  
heat ing environment experienced by vehicles re turning from lunar  o r  planetary 
missions. Thus, Pro jec t  F i r e  was undertaken t o  provide large-scale ,  rea l -  
environment, reentry heat ing da ta  a t  a veloci ty  i n  excess of 37 000 f p s  which 
could be used t o  check t h e  many ava i lab le  theo re t i ca l  p red ic t ions  and ground- 
f a c i l i t y  r e s u l t  s, and t h e i r  extrapolat ions.  

The primary object ive of Pro jec t  F i r e  was t o  obtain i n - f l i g h t  measurements 
of gas r ad ia t ion  and t o t a l  heating on t h e  forebody and afterbody of an Apollo- 
shaped vehicle .  I n  addition, l imi ted  measurements of afterbody pressures  and 
radio s igna l  a t tenuat ion  were planned. This report  presents  t h e  r e s u l t s  of t he  
afterbody heat ing and pressure experiments f o r  t h e  first of two scheduled 
flights. Reference 1 presents  an abbreviated version of a l l  Pro jec t  F i r e  
F l igh t  1 results. Comprehensive da ta  on the forebody to ta l -hea t ing  experiment 
a r e  given i n  reference 2. 
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spec i f i c  heat of gold, Btu/lbm-OR 

diameter, i n .  

a l t i t ude ,  f t  

dis tance along center  l i n e  from forward shoulder t o  t h e o r e t i c a l  apex 
of conical afterbody, i n .  ( s ee  f i g .  3 )  

Mach number 

mass of gold calorimeters,  lbm 

pressure,  p s i a  

heat -t ransf e r  rat e, Btu/ft  '-see 

radius, i n .  

Reynolds number (based on m a x i m u m  diameter of reent ry  package) 

exposed calorimeter surface area, f t 2  

surface dis tance on reent ry  package measured from geometric stagna- 
t i o n  point,  i n .  ( see  f i g .  3 )  

temperature, OR 

time, sec 

veloci ty ,  fp s  

d is tance  along center  l i n e  measured from forward shoulder on after- 
body, i n .  ( see  f i g .  3 )  

angle of a t tack,  deg 

absorp t iv i ty  of beryllium 

absorp t iv i ty  of nichrome surface f i lm  on gold calorimeter 

emissivi ty  of nichrome surface film on gold calorimeter 

f l ight-path angle, deg 

i sen t ropic  exponent 
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0 Stefan-Boltzmann constant 

Subscripts: 

a a f t  erbody 

av average 

C corner 

con convective 

ca lc  calculated 

m 

n nose 

rad r a d i a t i v e  

t stagnation 

SP sonic point 

t o t  t o t a l  

a3 f r e e  stream 

circumferential  location, deg (see f ig .  3 )  

pertaining t o  m a x i m u m  cross-sectional dimensions 

DESCRIPTION OF E X P E R I W T  

Space Vehicle 

The Project  F i r e  space vehicle  consisted of a powered spacecraft  adapted 
t o  an A t l a s  D launch vehicle as shown i n  the  schematic drawing of f i g u r e  1. 
Two systems were combined t o  form t h e  powered spacecraft  and these are termed 
t h e  ve loc i ty  package and reentry package. The velocity-package system included 
an Antares 11-A5 s o l i d  rocket motor with a forward adapter and a supporting 
s h e l l  a t tached t o  t h e  base of the  motor. The velocity-package system was 
designed t o  acce lera te  t h e  reentry package t o  a veloci ty  i n  excess of escape 
ve loc i ty  p r i o r  t o  reentry i n t o  t h e  sensible  atmosphere. The reentry package 
w a s  mated t o  t h e  f r o n t  of t h e  veloci ty  package and contained t h e  data-gathering 
instrumentation and associated equipment. The reentry package and Antares 
motor were protected from t h e  launch environment by an aerodynamic shroud. 
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Reentry Package and Afterbody Experiments 

The Project  F i re  reentry package i s  shown i n  t h e  photograph of f i g u r e  2, 
and t h e  per t inent  geometry i s  presented i n  t h e  schematic drawing of f i g u r e  3.  
The reentry package had a shape similar t o  t h a t  of t h e  Project Apollo reentry 
vehicle  and was primarily designed t o  measure rad ia t ive  and t o t a l  heating on 
both the blunt  forebody and conical afterbody. A s  shown i n  f i g u r e  3, the  
reentry-package forebody consis ts  of a layer-cake construction with t h r e e  beryl-  
l i u m  calorimeters sandwiched with protect ive layers  of phenolic-asbestos. A s  
each t h i n  beryllium calorimeter was consumed by t h e  severe heating during 
reentry i n t o  t h e  e a r t h ' s  atmosphere, t h e  succeeding phenolic-asbestos l a y e r  w a s  
timed t o  e j e c t ,  and thus another cool and clean calorimeter w a s  exposed. 
e ject ions of t h e  phenolic-asbestos sh ie lds  were timed t o  provide calorimeter 
measurements during the  i n i t i a l  par t  of the  reentry heat pulse, a t  approximately 
peak heating, and midway on t h e  decreasing s ide of t h e  heat pulse.  A s  previ-  
ously mentioned, t h e  forebody to ta l -hea t ing  experiments are discussed i n  ref-  
erence 2, whereas t h i s  report  i s  concerned only with t h e  afterbody experiments. 

The 

The conical  afterbody of t h e  reentry package b a s i c a l l y  was composed of a 
phenolic-asbestos sheet bonded t o  an aluminum-alloy s h e l l .  The phenolic- 
asbestos was coated with a l a y e r  of material composed of 75-percent s i l i c o n  
elastomer and 25-percent h igh-s i l ica  microballoons by weight t o  pro tec t  t h e  
afterbody from moisture penetrat ion p r i o r  t o  launch, which could a f f e c t  t h e  
telemetry antenna performance adversely. The afterbody of t h e  reentry package 
was instrumented with gold-slug calorimeters t o  measure t h e  afterbody heating 
r a t e s  a t  12  locations; the  pressure was measured a t  two locat ions and t h e  t o t a l  
rad ia t ive  f l u x  at one posit ion.  These d a t a  were continuously measured and com- 
mutated a t  f i v e  samples per second. I n  addi t ion t o  t h e  other instrumentation, 
a telemetry antenna w a s  embedded i n  t h e  afterbody, and a C-band beacon antenna 
was positioned at t h e  apex of t h e  conical afterbody. The physical  locat ions of 
the  afterbody sensors a r e  shown i n  f i g u r e  3, and dimensional loca t ions  a r e  pre- 
sented i n  t a b l e  I. The afterbody instrumentation used t o  measure t h e  da ta  pre- 
sented herein i s  discussed i n  t h e  following sect ions.  

Pressure sensors.- Two thermopile vacuum gages were used t o  measure t h e  
afterbody pressures.  These sensors were s ized t o  operate i n  a range up t o  
1 0  mm Hg with an accuracy, including t h a t  of t h e  sensors and telemetry system, 
of approximately 520 percent of t h e  recorded value.  
corresponding t o  each pressure sensor were commutated at f i v e  samples per  
second. 

The measured pressures 

Gold calorimeters.- The design d e t a i l s  of t h e  gold calorimeters a r e  shown 
i n  t h e  schematic drawing of f igure  4, and t h e  m a s s  of each calorimeter i s  given 
i n  t a b l e  11. The s m a l l  gold slugs used as calorimeters were made t h i n  (approx- 
imately 0.12 inch t h i c k )  t o  minimize t h e  temperature gradient between f r o n t  and 
r e a r  surfaces.  Each gold slug w a s  coated with a 5 - m i l  surface f i lm of oxidized 
nichrome t o  increase t h e  emissivity and, consequently, t o  increase t h e  l i f e  of 
t h e  calorimeters. The nichrome oxide surface f i lm w a s  applied t o  t h e  gold s lugs 
by flame spraying nichrome powder (80-percent nickel, 20-percent chrome) on t h e  
surface, vacuum hea t t rea t ing  f o r  3 hours a t  1550° R and then allowing oxida- 
t i o n  i n  air for 3 hours a t  1550° R.  The gold s lugs were embedded i n  an 
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aluminum s i l i c a t e  housing which provided t h e  insu la t ion  t o  i s o l a t e  them from 
cohduction e f f e c t s  of surrounding materials. Two thermocouples were at tached 
t o  t h e  rear surface of each calorimeter t o  record t h e  temperature changes. The 
d i f fus ion  time through t h e  calorimeters was l e s s  than 1/10 second, and there-  
fore ,  within t h e  k50° R measuring accuracy of t he  thermocouples operating i n  
conjunction with the  telemetry system. 

Trajectory and Sequence of Events 

On Apr i l  14, 1964, at 21:42: 23.536 Greenwich mean t i m e ,  t h e  F i r e  1 space 
vehicle  w a s  launched from Cape Kennedy, Florida, along t h e  Eastern Test Range 
toward Ascension Island. 
associated sequence of events i s  presented i n  f igu re  5 .  I n  addi t ion,  as an a i d  
i n  evaluating t h e  measured afterbody data, curves of veloci ty ,  a l t i t u d e ,  Mach 
number, and f l i gh t -pa th  angle are presented i n  figure 6 f o r  t h e  reent ry  port ion 
of t h e  t r a j e c t o r y .  

A schematic drawing of t h e  f l i g h t  t r a j e c t o r y  and t h e  

From a t r a Jec to ry  and sequence-of-events standpoint, F i r e  1 w a s  judged a 
complete success, s ince t h e  vehicle  performance and timed events were wel l  
within t h e  prescribed limits. 
pected l a rge  coning motions impaired t h e  reentry da t a  t o  some degree. The 
reentry-package coning motions and t h e  e f f ec t  of these  coning motions and telem- 
e t r y  dropout on t h e  afterbody da ta  w i l l  be discussed i n  subsequent sec t ions  of 
t h i s  repor t .  More da t a  on these  two problems as wel l  as more d e t a i l e d  infor-  
mation on t h e  F i r e  1 t ra j ec to ry ,  sequence of events, and space vehicle  can be 
found i n  reference 3 .  

However, a f au l ty  telemetry antenna and unex- 

Reent ry-Package Mot ions 

A b r i e f  discussion of t h e  reentry-package motions during reent ry  i s  i n  
order, s ince they  d i r e c t l y  a f f e c t  t h e  afterbody measurements. After separat ion 
from t h e  Antares motor t h e  reentry package maintained a coning angle of approxi- 
mately 2O u n t i l  1665.94 seconds a f t e r  launch. 
r a t e  gyro indicated an abrupt, l a rge  increase i n  yaw r a t e  which corresponded t o  
a m a x i m  t o t a l  angle of a t tack  of approximately 3 3 O .  Reentry films, ground 
t e s t s ,  and ca lcu la t ions  seemed t o  ind ica t e  t h a t  t h e  sudden onset of body motions 
w a s  caused by t h e  spent Antares motor case passing i n  c lose proximity t o  t h e  
reent ry  package and disrupt ing t h e  flow f i e l d .  From an ana lys i s  of t h e  body 
motions during time periods where the re  w a s  su f f i c i en t  data, t h e  va r i a t ion  of 
t o t a l  angle of a t t ack  with t i m e  from launch was obtained and presented i n  f i g -  
ure  7. The d a t a  ind ica te  high i n i t i a l  t o t a l  angles of a t t ack  which damped t o  
approximately 130 as the  region of m a x i m u m  dynamic pressure w a s  approached. 

A t  t h i s  t i m e  t h e  onboard yaw 

RESULTS AND DISCUSSION 

A f t  erbody Pres sure  s 

The pressures  measured a t  two locat ions on t h e  afterbody of t h e  F i r e  1 
reent ry  package ( see  f i g .  3 )  a re  l i s t e d  i n  t ab le  I11 and p lo t t ed  i n  f igu re  8. 
These da t a  are p lo t t ed  as a function of time from launch i n  both dimensional 
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form and nondimensional form. The values of pt were calculated f o r  t h e  
F i r e  1 t ra j ec to ry  by using an i t e r a t i v e  so lu t ion  of t h e  per t inent  equations 
presented i n  reference 4 i n  conjunction with t h e  gas t a b l e s  of reference 5 .  

The dimensional da ta  i n  f igu re  8 indicated an i n i t i a l  pressure r i s e  with a 
I n  t h i s  region t h e  var ia-  disturbance occurring a t  approximately 1665 seconds. 

t i o n  of t h e  da ta  increased s ign i f i can t ly  because of t he  onset of severe reentry- 
package o s c i l l a t i o n s  r e su l t i ng  i n  i n i t i a l  t o t a l  angles of a t t ack  of 3 3 O .  The 
obvious lack of da ta  between 1668 seconds and 1686 seconds w a s  due p a r t i a l l y  t o  
in te rmi t ten t  telemetry dropout and p a r t i a l l y  t o  the  f a c t  t h a t  t h e  pressures  
exceeded t h e  range of t h e  sensors during t h i s  phase of t he  t r a j e c t o r y .  Immedi- 
a t e l y  following t h i s  period pressures were again within the  sens ib le  range of 
t h e  instrumentation, and t h e  da ta  exhib i t  a reduction i n  s c a t t e r  which was due 
t o  aerodynamic damping of t he  reentry package t o  t o t a l  angles of a t t ack  of l3O 
o r  l e s s .  

It i s  customary t o  present afterbody pressures on blunt  vehicles  i n  t h e  
form of the  r a t i o  of t he  afterbody pressure t o  the  stagnation pressure.  The 
F i r e  1 data are presented i n  t h i s  manner i n  f igu re  8 and compared with wind- 
tunnel  data  from references 6 and 7 on a Mach number bas i s .  
s tages  of reentry,  where f l i g h t  Mach numbers are comparable t o  those a t t a i n a b l e  
i n  wind tunnels, t h e r e  i s  f a i r  agreement between f l i g h t  da ta  and wind-tunnel 
da ta .  A t  times where da ta  f o r  t h e  two pressure o r i f i c e s  ex is t ,  a comparison 
of t h e  data ind ica tes  a negl ig ib le  e f f e c t  of 

I n  t h e  l a te r  

x / l  on t h e  afterbody pressure.  

I n  reference 8, wind-tunnel da ta  from severa l  sources were used t o  corre- 
l a te  pa/pm with M, f o r  an Apollo-shaped vehicle  a t  a = 0. This correla-  
t i o n  i s  reproduced i n  f igu re  9; t h e  F i r e  1 da ta  have been added and thus  t h e  
da ta  coverage i s  extended t o  M, = 42. I n  t h e  region of M, = 4 t o  M, = 10 
the re  a r e  f l i g h t  da ta  as well  as wind-tunnel data,  and t h e  two compare favor- 
ably as pointed out previously i n  f igu re  8. A comparison i s  a l s o  made with 
calculated curves which were computed by determining t h e  flow d i r ec t ion  and 
i sen t ropic  exponent a t  t h e  body sonic point,  and then assuming an i s en t rop ic  
expansion of t h e  flow from the  sonic point  t o  t h e  separat ion l i n e .  For these  
calculat ions t h e  separat ion l i n e  w a s  assumed t o  be p a r a l l e l  t o  t h e  free-stream 
flow, and t h e  sonic point was obtained from t h e  study of t h e  flow f i e l d  sur-  
rounding the  F i r e  reent ry  package found i n  reference 9. 
f o r  7 = 1 . 2  and 7sp = 1.4, which approximates t h e  range of 7sp experi-  
enced by t h e  reentry package during reentry.  There i s  fair  agreement between 
t h e  da t a  and t h e  curve f o r  
between 4 and 20 a s  would be expected. 
culat ions ind ica te  t h a t  7sp 
ured p r io r  t o  t h e  severe body motions (f lagged d a t a )  are sca t t e red  around t h e  
calculated curve f o r  

Calculations were made 

SP 

7sp = 1.4 i n  t h e  range of free-stream Mach numbers 
I n  t h e  v i c i n i t y  of M, = 42 where cal-  

should range between 1.1 and 1.2, t h e  da ta  meas- 

ySp = 1.2. 

Calorimeter Temperatures 

The temperatures measured on t h e  base of t h e  afterbody gold calor imeters  
a re  presented i n  t a b l e  I V  and as a funct ion of t i m e  from launch i n  f i g u r e  10. 
Although the temperatures were measured on t h e  base of t h e  gold calorimeters,  
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. 
they were t r e a t e d  as average calorimeter temperatures, s ince t h e  temperature 
gradients  through t h e  highly conductive and thermally t h i n  gold s lugs  were 
s m a l l .  The two thermocouples attached t o  t h e  base of each gold calorimeter 
(see f i g .  4) measured e s sen t i a l ly  t h e  same temperature l e v e l s  during reentry; 
consequently, temperatures from only one thermocouple a r e  presented i n  t h i s  
repor t .  It should a l s o  be noted t h a t  temperature da ta  were omitted f o r  t h e  
calorimeter located at  = 120° and x/2 = 0.70, s ince  telemetry records indi-  
ca te  t h a t  t hese  calorimeter thermocouples f a i l e d  t o  respond t o  t h e  heat  pulse 
throughout reentry.  

The afterbody temperature as a function of t i m e  from launch shown i n  f i g -  

I n  addition, 
u re  10 d isp lays  some s c a t t e r  and regions of sparse data,  which w a s  a t t r i b u t e d  
t o  t h e  aforementioned body motions and telemetry s igna l  dropout. 
during and after heat-shield e jec t ions  t h e  calorimeters were exposed t o  flow 
contaminated with ab la t ion  products, which affected t h e  da ta  t o  some degree. 
A s  shown i n  f igu re  10, t he  afterbody calorimeter temperatures increased t o  a 
maximum at  about 1687 seconds and then s t a r t ed  a gradual decrease, which indi-  
cated t h a t  t h e  end of t h e  heat pulse had been reached. The m a x i m u m  temperature 
measured on t h e  afterbody w a s  1350° R and t h i s  occurred at  j$ = 120° and 
x/2 = 0.19. The longi tudina l  va r i a t ion  of temperature w a s  consis tent  along a l l  
th ree  rays (j$ = Oo, 120°, 240°), and t h e  maximum temperatures occurred a t  
x/2 = 0.19. A decrease i n  temperature occurred between x/2 = 0.19 and 
x/2 = 0.38 with l i t t l e  va r i a t ion  i n  temperature t h e r e a f t e r  out t o  x/2 = 0.70. 
The circumferent ia l  va r i a t ion  i n  temperatures was l e s s  than 7 5 O  R i n  a l l  cases 
and therefore  not considered a dominant e f f ec t .  The s o l i d  curves shown i n  f i g -  
ure  9 represent  an average f a i r i n g  through the  da ta  and were used t o  ca lcu la te  
t h e  afterbody heating rates which are discussed i n  t h e  next sect ion.  

Afterbody Heating Rates 

The afterbody gold calorimeters were designed as simple hea t  storage 
experiments, and therefore  t h e  heat ing r a t e s  were calculated by using t h e  heat  
storage equation: 

The assumptions made i n  using t h i s  equation were (1) the re  was no appreciable 
temperature gradient  through t h e  t h i n  gold slugs; (2 )  t h e  only s ign i f i can t  heat  
l o s t  w a s  t h a t  emitted from t h e  f r o n t  surface of t h e  calorimeters.  These two 
assumptions were reasonable, s ince t h e  gold calorimeters had a low thermal d i f -  
fus ion  t i m e  and were well  insulated from the  surrounding material. For ease of 
calculat ions,  a computer program was developed t o  obtain the  t o t a l  heating 
r a t e s  by using t h e  heat  storage equation. The program w a s  set up t o  f i t  a 
polynomial curve t o  t h e  f a i r e d  temperature-time curves shown i n  f igu re  10 f o r  
each calor imeter  by using t h e  method of Chebyshev. (See ref. 10.) The analyt-  
i c a l  de r iva t ive  w a s  then taken of t h e  r e su l t i ng  polynomial equation, which pro- 
vided dTa/dt a t  any spec i f ied  time. Additional input i n t o  t h e  program neces- 
sa ry  t o  complete the  calculat ions w a s  as follows: 

' 
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(1) Variation of cp with temperature - The value of cp of gold 
(refs.  13 and 17) w a s  incorporated i n t o  t h e  program by using t h e  following 
equation: 

cp = (0.40326 x lO-5)Ta  + 0.0284737 

(2 )  Mass of each gold slug ( m )  - This information i s  presented i n  t a b l e  11. 

( 3 )  Exposed surface a rea  of each gold s lug (S )  . 
( 4 )  Emissivity of oxidized nichrome coating on gold s lugs (En = 0.80). 

( 3 )  Stefan-Boltzmann constant (a ) .  

The accuracy of t h e  program i s  e n t i r e l y  dependent on t h e  accuracy of t h e  
Chebyshev curve-f i t  rout ine and t h e  d e f i n i t i o n  of t h e  mater ia l  p roper t ies  of 
t h e  gold s lugs.  The curve f i t s  of t h e  F i r e  1 temperature-time h i s t o r i e s  were 
very accurate and thus provided a reproduction of t h e  f a i r e d  curves within 
2 percent and a comparable s c a t t e r  i n  t h e  curve slopes.  The material proper- 
t i e s  of t he  gold slugs were w e l l  defined with t h e  exception of t h e  emissivi ty  
of t h e  nichrome surface film. 
surface coating (ref.  12),  which made it possible  t o  a r r i v e  a t  a value of 0.80 
f o r  t h e  emissivity.  The uncertainty i n  def ining t h e  emissivi ty  had l i t t l e  
e f f e c t  on t h e  accuracy of t h e  calculated t o t a l  heat ing rates, s ince t h e  heat  
reradiated from t h e  calorimeter surface was negl ig ib le  compared with t h a t  
s tored i n  t h e  calorimeters throughout reentry.  Also, it should be noted t h a t  
t h e  f a i r ed  temperature-time curves used i n  ca lcu la t ing  t h e  afterbody heat ing 
rates are  average curves and tend t o  smooth t h e  e f f e c t s  of t h e  angle-of-attack 
va r i a t ion  shown i n  f igu re  7. 

Some experimental work has been done on t h i s  

The afterbody t o t a l  heat ing r a t e s  calculated by using t h e  heat  s torage 
equation are presented i n  f igu re  11 as a funct ion of t i m e  from launch. The 
highest  heating rates general ly  occurred i n  t h e  region of t h e  corner radius .  
A t  
whereas f o r  t h e  other  x/2 
order  of 14 t o  16 Btu/ft2-sec. 
heating r a t e s  as t h e  apex of t he  afterbody w a s  approached up t o  
Some wind-tunnel da ta  have exhibited t h i s  increase i n  heat ing r a t e s ,  which i s  
possibly due t o  model mounting problems. (See, f o r  example, ref. 6 . )  The 
heating rates ,  l i k e  t h e  temperatures, show a s m a l l  va r i a t ion  with circumferen- 
t i a l  locat ion.  

x/2 = 0.19 t h e  maximum heating r a t e s  ranged between 19 and 25 Btu/ft2-sec, 
loca t ions  t h e  m a x i m  heat ing r a t e s  were on t h e  

There w a s  no ind ica t ion  of a rise i n  t h e  t o t a l  
x/2 = 0.70. 

The t i m e s  a t  which t h e  peak heat ing poin ts  occur f o r  each 
vary t o  some degree because of t h e  d i f f i c u l t y  i n  se lec t ing  a representa t ive  
f a i r i n g  of t h e  temperature-time curves, p a r t i c u l a r l y  i n  t h e  region of 
i n f l ec t ion .  

x/Z loca t ion  

A summary curve comparing t h e  l e v e l  of wind-tunnel and t h e o r e t i c a l  da ta  
a t  Oo angle of a t t ack  with the  measured f l i g h t  da ta  i s  presented i n  f igu re  12. 
I n  t h i s  f igure,  t h e  r a t i o  of afterbody heat ing r a t e  t o  stagnation-point t o t a l  
heating r a t e  i s  p lo t t ed  as a funct ion of free-stream Reynolds number f o r  

8 



x/Z = 0.19. 
r a t e s  t o  t h e  measured stagnation t o t a l  heating r a t e s  r e f l e c t s  t h e  accuracy of 
t h e  measured s tagnat ion t o t a l  heating r a t e s .  (See ref. 2.) I n  addition, t h e  
r a t i o  of t h e  measured afterbody heating rates t o  t h e  calculated stagnation con- 
vect ive heat ing r a t e s  i s  shown by t h e  so l id  curve i n  t h e  f igu re .  The stagna- 
t i o n  convective heating r a t e s  were calculated by using t h e  method of re fer -  
ence 13 i n  conjunction with references 4, 5 ,  and 14  t o  determine t h e  high- 
temperature gas proper t ies  behind t h e  shock. This curve i s  included, since it 
presents  t h e  f l i g h t  da ta  referenced t o  a parameter which can be readi ly  calcu- 
l a t e d  and i s  t r a j e c t o r y  dependent. 
heat ing r a t e s  were used as a reference i n  determining t h e  heat ing-rate  r a t i o s  
for t h e  wind-tunnel da ta  depending on t h e  source. The wind-tunnel and theo- 
r e t i c a l  d a t a  p l o t t e d  i n  t h i s  f i gu re  were obtained from references 6, 8, 9, 15, 
and 16. 
t h e  data,  but  simply a method f o r  presenting the da t a  from d i f f e r e n t  sources i n  
one f igu re  i n  order  t o  compare da ta  l eve l s .  

The spread i n  the  r a t i o  of t h e  measured afterbody t o t a l  heating 

Both measured and calculated s tagnat ion 

It should be noted t h a t  t h i s  f i gu re  is not an attempt a t  cor re la t ing  

An inspect ion of t h e  f l i g h t  da ta  i n  f igure 1 2  ind ica tes  t h a t  t h e  r a t i o  of 

1 tcon + %4rati)a s qcon + %eilrad)t 
afterbody heat ing r a t e s  t o  stagnation t o t a l  heating r a t e s  . 
reached a m a x i m u m  i n  t h e  ea r ly  stages of f l i g h t  and decreased as the  region of 
m a x i m u m  heating w a s  approached. The total-heat ing-rate  r a t i o  reached a minimum 
i n  the  region of peak reentry heating after which an increasing t rend  i s  noted. 
The va r i a t ion  of afterbody heating r a t e s  under normal conditions i s  control led 
by t h e  complex in t e rac t ion  of f low-field parameters such as l o c a l  enthalpy, 
Mach number, Reynolds number, and others .  I n  addi t ion  t o  these  e f fec ts ,  t h e  
F i r e  1 afterbody da ta  were a f fec ted  by angle of a t t ack  and contamination of t h e  
afterbody flow with ab la t ion  products. 
resu l ted  i n  an increase i n  t h e  average heating r a t e  whereas the  purging ac t ion  
of t h e  ab la t ion  products i n  the  afterbody f l o w  f i e l d  had a decreasing e f f e c t  on 
t h e  heat ing rates. Due t o  in su f f i c i en t  da ta  it i s  very d i f f i c u l t  t o  assess  t h e  
r e l a t i v e  magnitude of these  two o f f s e t t i n g  e f f ec t s .  I n  general, however, a 
comparison of t h e  da ta  presented i n  t h i s  figure shows t h a t  t h e  f l i g h t  da ta  f a l l  
general ly  within t h e  s c a t t e r  of wind-tunnel and t h e o r e t i c a l  r e s u l t s .  

The presence of angle of a t t ack  

A s  shown by t h e  heat  storage equation, the  afterbody t o t a l  heating r a t e s  
are composed of convective and absorbed radiat ion,  which cannot be separated 
throughout t h e  major port ion of reentry.  This i s  due t o  t h e  f a c t  t h a t  a f t e r  
t h e  onset of body motions t h e  t a sk  of rigorously in t e rp re t ing  t h e  afterbody 
radiometer da t a  i s  v i r t u a l l y  impossible because of t h e  lack  of r o l l - r a t e  da ta .  
However, p r i o r  t o  t h e  body motions the re  i s  a time span f o r  which the  t o t a l -  
r ad ia t ion  da ta  a r e  probably accurate and the r ad ia t ive  heating can be separated 
from t h e  t o t a l  heating; t h i s  separation provides a measure of t h e  afterbody 
convective heat ing rates. The sheath of hot gas surrounding t h e  vehicle after- 
body w a s  considered op t i ca l ly  t h i n  and a gas-geometry correct ion f a c t o r  was 
assumed i n  determining t h e  t o t a l  rad ia t ion  of t h e  surrounding high-temperature 
a i r  from t h e  e s s e n t i a l l y  normal rad ia t ion  measured by t h e  onboard instrument. 
The afterbody gas geometry considered f o r  these ca lcu la t ions  w a s  t h a t  of a 
semicyl indrical  s h e l l  of gas rad ia t ing  t o  a point  a t  t h e  center  of t h e  f l a t  
s ide .  The correct ion f a c t o r  f o r  t h i s  gas configuration is  1.26fi ( r e f .  17).  
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The radiometer sensed radiat ion only i n  t h e  wavelength range above 0 . 2 3 ~ ;  
therefore,  it w a s  necessary t o  assume t h a t  there  was no contr ibut ion t o  t h e  
radiation i n  t h e  vacuum u l t r a v i o l e t  wavelength range i n  order t o  obtain the  con- 
vective heating component. Flow-field calculat ions ( see  r e f .  9) support t h i s  
assumption and thus indicate  t h a t  t h e  gas temperatures surrounding t h e  a f t e r -  
body were s u f f i c i e n t l y  low t o  preclude t h e  existence of hot a i r  rad ia t ion  i n  
t h e  vacuum u l t r a v i o l e t  wavelength range. Therefore, f o r  t h e  short  time span 
p r i o r  t o  t h e  onset of body motions, t h e  r a t i o s  of rad ia t ive  and convective 
heating r a t e s  t o  the  combined stagnation rad ia t ive  and convective heating r a t e s  
a r e  presented i n  f igure  13 f o r  6 = 240° and x/l = 0.38. For t h e  f l i g h t  con- 
d i t i o n s  indicated, t h e  convective heating r a t e s  ranged between 1.5 and 5 per- 
cent of t h e  summation of stagnation convective and rad ia t ive  heating r a t e s .  
[Note that  t h e  reference parameter used i s  

(4con t q,etrad).) 
from reference 18 f o r  one d i s c r e t e  point within t h e  range of conditions of t h e  
f l i g h t  data .  
be attached. The measured rad ia t ive  heating component was determined t o  be very 
low i n  comparison and contributed a heating rate of l e s s  than 1 percent of t h e  
combined stagnation rad ia t ive  and convective heating r a t e s .  

(ccon + krad) ra ther  than 
I n  comparison, a calculated value of 4 percent w a s  obtained 

For these calculat ions the  flow on t h e  afterbody was assumed t o  

CONCLUDING REMARKS 

A reentry f l i g h t  of an Apollo-shaped vehicle  has been performed at  a veloc- 
The vehicle  a f t e r -  i t y  of 47 970 f p s  and a reentry f l igh t -pa th  angle of - 1 4 . 5 O .  

body was instrumented t o  obtain t o t a l  and rad ia t ive  heating rates as w e l l  as 
l imi ted  pressure measurements. 

The r e s u l t s  indicated t h a t  t h e  afterbody pressures measured i n  f l i g h t  were 
i n  good agreement with avai lable  wind-tunnel da ta  up t o  a Mach number of 10; 
t h e r e  was f a i r  agreement with t h e o r e t i c a l  calculat ions up t o  a Mach number 
of 42. 

The r a t i o  of measured afterbody heating r a t e s  t o  measured stagnation t o t a l  
heating rates i s  generally within t h e  s c a t t e r  range of wind-tunnel and theo- 
r e t i c a l  r e s u l t s .  The m a x i m u m  heating r a t e  measured on t h e  afterbody during 
reentry was 23 Btu/ft2-sec. 
t i o n  of the rad ia t ive  and convective heating rates on t h e  afterbody was 
obtained. During t h i s  t i m e  t h e  r a t i o  of convective heating rate t o  t h e  com- 
bined stagnation convective and rad ia t ive  heating r a t e s  ranged between 0.015 
and 0.05, whereas t h e  rad ia t ive  heating-rate r a t i o s  were l e s s  than 0.01. 

For a short  span of time ear ly  i n  f l i g h t ,  a separa- 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., A u g u s t  12, 1965. 
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TABLE I.- AFTERBODY SENSOR LOCATIONS 

Afterbody sensors 

Geometric stagnation point 

Heat-shield shoulder 

3 calorimeters (+) 
$ = Oo, 120°, 240' 

Station X ( ) av - 
I 

0 ---- 
0 1.17 

0.19 1.51 

L 
1 radiometer (0) 

$ = 203.45' 0*32 I 1.75 

3 calorimeters (+) 

1 pressure sensor (A) 
fl = O', l2Oo, 240' 

$ = 251O 

0.38 1.86 

3 calorimeters (+) 
$ = O', 120°, 240' 

2.18 

3 calorimeters (+) 

1 pressure sensor (A) 
9 = O', 120°, 240' 

fl = 265O 

0.70 2.44 

Theoretical apex of 
conical aft erbody I l*oo I 



TABLE 11.- MASS OF AFTERBODY GOLD CALORIMETERS 

240 

Afterbody-calorimeter 
position 

0.19 5.187 
.38 5 187 
56 5 * 235 - 70 3.164 

Mass of gold 
calorimeters, g 

i 5.138 
5.190 
5.168 
5 207 

120 

1 
0.19 

.3a 
-56 

5 9 235 
5 * 213 
4.921 
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TABLE 111.- AFTERBODY PRESSURES MEASURED ON FIRE REENTRY PACKAGE 

T i m e  from launch, 
se c 

1662.8 
1663.2 

1665.2 
1665.5 
1665.7 
1666. o 
1666.9 
1667.7 
1668.1 

1688.0 
1688.2 
1688.6 
1688.8 
1688.9 
1689.7 
1690.1 
1690.5 
1690.9 
1691.3 
1691.7 
1692.1 
1692.5 
1692.9 
1693 * 3 
1693 7 

1664.4 

1687.4 

1694.1 

Af'terbody pressure, p s i a  

----- 
----- 
----e 

0.026 
no39 

.050 
,091 
.071 
,134 
135 
.124 
,104 
* 135 
.130 
.114 
.io6 
.io9 
099 

. loa 

.io9 

. wl 

. lo2 

. lo2 
* 099 
. n o  
.094 

----- 
,011 

@ = 265O 
x/2 = 0.70 
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Antares 11-A5 motor 

Atlas launch 
vehicle 
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Figure 1.- Schematic drawing of Project F i re  space vehicle. 
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Figure 4.- Schematic drawing of gold calorimeter and insulat ing housing. 
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Figure 6.- Reentry trajectory parameters. 
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Figure 8.- Afterbody pressures measured d u r i n g  t h e  F i re  1 reentry. 
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Figure 9.- Correlat ion of f l i gh t  and  wind- tunnel  measurements of afterbody pressures on Apollo-shaped bodies. 
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Figure 10.- The variation of afterbody temperature with time from launch. 
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Figure 10.- Continued. 
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Figure 10.- Concluded. 
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Figure 12.- Comparison of afterbody heating rates measured in f l i g h t  w i th  wind- tunnel  data and theoretical calculat ions fo r  x / l  = 0.19. 
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Figure 13.- Separated convective and radiative heating rates o n  the reentry-package afterbody early in f l ight .  x/Z = 0.38; $ = 240°. 
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